With the increasing interest in utilizing syngas in gas turbine applications, the characterization of H2/CO reaction chemistry under high-pressure and moderate-temperature operating conditions has been the focus of recent investigations. Different chemical-kinetics and hydrodynamic processes have been identified as being responsible for the discrepancies between experimental measurements and kinetic predictions of syngas ignition delay times. This paper complements previous studies, and provides insight on the role of turbulence fluctuations and small-scale mixture inhomogeneities on the syngas combustion process. To this end, an analytic model has been developed that describes the turbulence amplification and combustion in the so-called adiabatic core region of a rapid compression machine (RCM). In this formulation, enhancement of turbulence and small-scale mixture fluctuations during the RCM compression phase are modeled using rapid distortion theory. The subsequent ignition and combustion processes are described using a Lagrangian Fokker-Planck model which considers turbulence/chemistry interaction and detailed reaction chemistry. The model was applied to different syngas mixtures and operating conditions, including pressures up to 20 atm and temperatures between 600 and 1300 K. Parametric studies showed that the model captures experimentally observed trends of reduced ignition delay and prolonged reaction progress during the ignition phase. A Damköhler criterion was introduced in order to characterize the sensitivity of the induction chemistry to turbulence fluctuations. Results suggest that syngas mixtures with Damhöhler numbers below 100 exhibit increasing sensitivity to turbulence and mixture fluctuations. Initial turbulence levels of less than 0.01 percent of the mean flow are sufficient in reducing the ignition delay times by several orders of magnitude. This study shows that the turbulence/chemistry interaction plays an equally important role in affecting the syngas ignition chemistry, and requires consideration in addition to chemical-kinetics and hydrodynamic processes, previously identified as leading mechanisms for the observed discrepancy in syngas combustion at low-temperature operating conditions.
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I. Introduction
Accompanied with the rapid economic growth in the developing nations of Asia is an increasing energy demand, which, according to the International Energy Outlook 2009, 1 is predicted to exceed the U.S. energy consumption by more than 65 percent by 2030. In the presence of the finite fossil energy reserves and growing environmental concerns, the utilization of reformed fuels provides an attractive alternative for accommodating the increasing energy demand. Among these reformed fuels, syngas has been identified as attractive solution for power generation applications. Specifically, in coal-based integrated combined-cycle (IGCC) power generation application, syngas, which contains hydrogen (H 2 ) and carbon monoxide (CO) as primary fuel components, is generated through a coal gasification process.
2 After sulfur oxides, particulates and other pollutants are removed, the syngas is combusted in a gas turbine cycle, and excess heat is converted into a subsequent steam turbine cycle.
Despite the enormous opportunities in improving combustion efficiency and reducing pollutant emissions, syngas combustion introduces significant technological and scientific challenges. These issues mainly arise from process-related variations in the syngas composition, high hydrogen concentrations, and overall lean operating conditions. In addition, IGCC gas turbines are operated under high pressure (up to 30 bar) and intermediate temperature (T < 1000 K) conditions, and the syngas combustion under these conditions is currently only insufficiently understood.
The renewed interest in syngas combustion led to numerous experimental studies in order to obtain improved understanding about the combustion-physical properties and reaction chemistry at gas-turbine relevant operating conditions. These experiments are typically conducted in shock tubes, flow reactors, and rapid compression machines (RCMs), and Refs. [3] [4] [5] [6] provide comprehensive overviews about experimental investigations and measurements for ignition delay time, flame speed, and other combustion-physical properties.
Interestingly, comparisons of ignition delay times from measurements and computations exhibit significant discrepancies 6 that increase with decreasing initial temperature of the syngas/air mixture. To reconcile these discrepancies, different explanations have been suggested, and updates on the H 2 /CO kinetic models have been proposed. 3, 7, 8 In particular, gas impurities, surface-catalytic effects, wall-heat transfer, and large-scale mixing effects have been pointed out as potential sources. Although uncertainties for rate constants of reactions involving hydroperoxyl radicals (HO 2 ) and hydrogen peroxide (H 2 O 2 ) have been recognized, it was suggested that their contributions only partially explain the observed discrepancies in the ignition delay.
Over recent years, computational and experimental studies have been conducted to characterize the flow field structure and wall heat transfer in RCMs. [9] [10] [11] [12] Intrusive and non-intrusive measurements of temperature and species have been performed to demonstrate the existence of a so-called adiabatic core region. In this adiabatic core region, that typically extends up to 70 % across the diameter of the test section, the gas mixture is not affected by wall heat losses and boundary layer effects. The mixture contained in this volume is isentropically compressed, and the combustion of the nominally uniform composition can be approximated as homogeneous reactor system. In this context it is noted that the existence of this adiabatic core region is fundamental in order to relate the rapid compression experiments to zero-dimensional homogeneous ignition studies. Computational studies led to important modifications of the piston-crown design in order to suppress the generation of piston corner vortices, which are known to entrain cold fluid from the boundary layer, and can destroy the adiabatic core region.
While many, if not all, of these investigations focused on the large-scale fluid motion and wall heat transfer effects, the role of the turbulence on the ignition and combustion in RCMs has so far not been appreciated. The objective of this contribution is to address this aspect. To this end, a model will be developed that enables the quantitative characterization of the turbulence fluctuation and small-scale variations in the mixture composition during the compression and ignition of the gas mixture.
The potential importance of the turbulence in a RCM can be assessed from the Reynolds number Re, which can be estimated as
where the ratio l 1 is the length of the driven section, τ * is the compression time, d * is the diameter of the test section, and ν * is the kinematic viscosity of the gas mixture. Typical Reynolds numbers for RCMs are in the range Re ≈ O(10 4 − 10 5 ), suggesting that the compression and subsequent ignition is not unaffected by turbulence. This argument is supported through recent measurements by Guibert et al., 13 in which they investigated the influence of post-compression turbulence levels on the combustion process.
In a RCM, different sources of turbulence can be identified. The first source arises from the filling process. Specifically, the filling process of the driven section with the fresh test gas mixture is accompanied with the generation of small-scale turbulence fluctuations that are approximately homogeneously distributed in the entire test section. If the compression phase is initiated directly after the filling process, providing insufficient time for the complete decay, the initially introduced turbulence is amplified during the compression. Similarly, the incomplete mixing of the test mixture can lead to fluctuations and potential large-scale stratifications of the test gas composition. While these contributions can be minimized through the external preparation of the test gas mixture, they may become relevant if an internal mixture preparation is utilized, or when reactants with different molecular weights are mixed so that preferential diffusive effects become relevant. The second mechanism arises from the wall-generated turbulence. During the compression phase, turbulence is produced in the boundary layer, which is entrained into the core region by convective and diffusive transport, and further amplified through the mean strain interaction.
While both mechanisms can become of equal importance, this work addresses effects of the initial turbulence on the ignition and combustion of the test gas mixture as it is amplified during the compression phase. As such, the results of this analysis can be considered as conservative estimates, and it is expected that other contributions may lead to further turbulence amplifications.
To quantify the effects of turbulence on the ignition dynamics and ignition delay time, a theoretical model will be developed that consists of three components: (i) the description of the piston motion, (ii) the amplification of the initial turbulence during the compression phase, and (iii) the autoignition of the test gas mixture under consideration of the turbulence/chemistry interaction. The ignition process is described using detailed chemical mechanisms for the syngas combustion, which allows the assessment of potential discrepancies of existing reaction mechanisms.
Amplifications of turbulence and fluctuations in mixture composition are described using rapid distortion theory (RDT). RDT describes the evolution of initially homogeneous turbulence when it is subjected to rapid strain. [14] [15] [16] This theory has been applied to a wide range of problems, including the compression in a piston engine by Hunt 14 using the Cauchy form of the vorticity equation. In the present work, a more general RDT formulation will be presented that also enables us to consider effects of equivalence ratio stratification on the amplification of the compositional fluctuations.
The ignition of the test gas mixture is modeled by considering individual ignition kernels that are homogeneously distributed in the test section. These ignition kernels interact among each other through turbulent mixing and diffusion. To this end, a Lagrangian Fokker-Planck (LFP) model is derived, and closure is obtained using a k-ε formulation and "interaction by exchange with the mean (IEM)" mixing model. The particular advantage of this model is that this LFP formulation reduces to the well-known homogeneous reactor model in the absence of turbulence and mixture inhomogeneities. In this context it is noted that effects of the flame propagation are not considered in the present model. Front-like combustion modes have been reported for hydrocarbon and hydrogen fuel mixtures. 5, 13, 17 Images suggest that these flame-propagation modes and combustion non-uniformities are initiated by mixture impurities. 17 In principle, such effects can be incorporated into the proposed model, if the underlying combustion-physical mechanisms, triggering this combustion mode, are understood.
The remainder of this paper is organized as follows. The mathematical model is developed in the next section. The experimental configuration and model parameters are summarized in Sec. III. Results are presented in Sec. IV, and the paper finishes with conclusions.
II. Mathematical Model
In the following, a mathematical model is developed to describe the compression and subsequent combustion process in a rapid compression machine. In this analysis, the adiabatic core region is considered. This core region is characterized by an adiabatic state, in which the gas mixture is not affected by wall heat losses, large-scale mixing, and boundary layer perturbations over the duration of the RCM operation. With this, the RCM core region is considered as a quasi one-dimensional system.
The schematic of the RCM is illustrated in Fig. 1 , consisting of a driver section and a driven section, which are separated by a freely moving piston with mass m * . A coordinate system x * 1 is introduced, and the location of the piston with respect to the coordinate origin is denoted by x * P . In the following, conditions in the driven and driver sections are denoted by subscripts "1" and "2," respectively, and all dimensional quantities are indicated by an asterisk.
To describe the kinematics of the RCM during the compression phase, the following references quantities are introduced:
Length scale:
Pressure difference: Figure 1 . Schematic of a rapid compression machine. During the compression phase, the piston, shown in gray, compresses the gas mixture that is contained in the driven section. The location of the piston with respect to the origin of the coordinate systems is denoted by x * P . The mass of the piston is m * , and the initial length of the driver section is l * 2 . The diameter of the RCM is constant, and is denoted by d * .
non-dimensional quantities can be defined:
where c * is the friction coefficient, t * is the time, and t * C corresponds to the duration of the compression phase, which can be evaluated from
In this equation,ẋ P is the piston speed and t C = t * C /τ * . The mathematical model consists of three components, describing (i) the piston motion, (ii) the compression of the gas mixture and turbulence amplification, and (iii) the subsequent ignition and combustion of the compressed fuel/air mixture. These individual modeling components are discussed in the following sections.
A. Piston Motion
The motion of the piston can be described by a second-order ordinary differential equation for a mass-springdamping system, which is derived by applying a force balance on the freely moving piston:
The subscript "s" denotes the initial state at the beginning of the compression phase, and the third term on the left-hand-side of Eq. (3) corresponds to the friction force. The pressure evolution in the driver and driven sections are derived from the isentropic state relation, in which the ratio of specific heats γ is assumed to be constant during the compression phase, which is accurate within ±10 % for the species compositions and conditions considered here.
B. Flow Field Evolution during Compression Phase
The flow field in the driven section is characterized by the conservation equations for mass, momentum, energy and species, together with a state relation, relating pressure and density to the temperature. Using the references quantities l form as
where ρ is the density, u is the velocity vector, σ is the viscous stress tensor, Z is the mixture fraction, C is a reaction progress variable, υ is the diffusivity, and D t = ∂ t + u · ∇ is the substantial derivative. The Reynolds number Re is defined in Eq.
(1), the Schmidt number is Sc = ν * /υ * , the Lewis number is Le = λ
is the Eckert number.
Mean Flow
The velocity and mixture fraction are decomposed into a mean and a fluctuating quantity following the ensemble averaging procedure, viz. φ = φ+φ ′ . Since the Mach number is small, fluctuations in density can be neglected. It is assumed that the thermodynamic properties are not affected by variations in the composition and are therefore spatially homogeneous. Furthermore, all viscous-diffusive properties are assumed to be constant during the compression phase. With this, the mean velocity is evaluated from the mean continuity equation and piston motion as
and α is the mean strain rate. The evolution of the mean mixture fraction and mean progress variable during the compression phase can be derived from Eqs. (4c) and (5):
where · corresponds to a volume-averaged quantity, β s denotes the stratification of mixture fraction and progress variable at the beginning of the compression, and the compression rate ξ(t) is evaluated as:
The information about the mean flow (Eqs. (6) and (7)) is used to evaluate the amplification of the turbulence and mixture fraction fluctuations during the compression phase. For this, the rapid distortion theory (RDT) is used, and the derivation is discussed in the next section.
Turbulent Flow Field
The main objective of this contribution is to quantify how the turbulence, which is amplified during the compression, affects the ignition and combustion process in the RCM.
Rapid distortion theory lends itself to the characterization of an initially homogeneous turbulence when it is subjected to rapid strain. [14] [15] [16] Specifically, RDT assumes that the evolution of the turbulence is controlled by the mean flow, and only weakly interacts with itself during the time over which the mean strain is applied. This can be characterized by the criterion 1 α
where α is the characteristic mean strain rate and l m /u ′ s is the eddy life-time. Under these conditions, the non-linear terms in the fluctuating conservation equations can be neglected, and the resulting linearized equations can be written in index notation as
in which the relation p ′ = ρRT ′ was used to derived Eq. (9d). In Eqs. (9) all viscous-diffusive contributions are neglected as they will only add an exponentially decaying coefficient that is small compared to the straininduced amplification rate. Equations (9) can be solved in Fourier space, by substituting the Fourier mode
where κ κ κ(t) is the time-dependent wave-number vector. The resulting set of equations for the Fourier coefficients can be written as
These equations can be solved for u, ψ, and κ κ κ (no summation over Greek indices) as:
where κ κ κ = (κ 1 ξ, κ 2 , κ 3 ) T , and κ is the initial wave number vector at the beginning of the compression phase,
The temporal evolution of the normal stresses and fluctuations of the mixture composition and temperature can be obtained by multiplying Eqs. (12) by its complex conjugate, substituting the isotropic energy and scalar spectra, and integrating in spherical coordinates over all wave numbers:
(e 2 1 ξ 2 + e 2 2 + e 2 3 ) 2 sin θdθdφ ,
where e = (cos θ, sin θ cos φ, sin θ sin φ)
3 ) −1 dt ′ , and T u , T ψ ψ ψ , and T T correspond to the turbulence intensity and scalar fluctuation at the beginning of the compression phase, viz.,
Equations (13) shows that the amplification of the turbulence and scalar fluctuations during the RCM compression phase are directly dependent on the initial turbulence intensity T u , scalar fluctuation T ψ ψ ψ , initial mixture stratification β s , and the compression ratio ξ. In this context it is interesting to point out that the evolution of u ′2 and ψ ′2 does not depend on the mean strain rate α. The direct consequence of this observation for practical RCM-operations is that the turbulence evolution is unaffected by the piston-speed, as long as it obeys the RDT-constraint of Eq. (8) .
The temporal evolution of the turbulence and scalar fluctuations is obtained by evaluating Eqs. (13) as function of the compression ratio ξ(t), which is obtained from the solution of Eqs. (3) and (7). The solution of these equations at t = 0, corresponding to the end of the compression phase, provides information about the turbulence for the subsequent combustion phase, and the mathematical model is discussed in the next section.
C. Ignition and Combustion Phase
Following the compression phase, it is assumed that the combustion of the test gas mixture occurs through the autoignition mechanism. Specifically, homogeneously distributed ignition kernels in the adiabatic core region develop, leading to exothermic heat release and species conversion. The evolution of these ignition kernels is described through a stochastic formulation. To this end, a Lagrangian Fokker-Planck (LFP) model is developed which accounts for the turbulence interaction and scalar mixing between individual ignition kernels.
In the absence of a mean flow, the decay of the homogeneous turbulence during the combustion phase is described by the evolution equations for the turbulence kinetic energy k = and dissipation rate ε as
where C ε,2 is a constant, and τ t is the eddy life-time. The solution to Eqs. (15) can be described by a power-law decay as
where the subscript "0" denotes the condition at t = 0, corresponding to the end of the compression phase, and τ 0 = n k 0 / ε 0 . In this context it is pointed out that recent experimental investigations by Guibert et al. 13 support the fact that the turbulence during the combustion phase follows a geometric decay law, which can be adequately represented by Eqs. (16) .
Using standard k-ε closure modeling, τ 0 and τ t can be expressed as
where
m was used; 16, 18 n and C D are constants, and l m is a characteristic mixing length. These parameters are specified in Sec. III.
The evolution of the homogeneously distributed ignition kernels during the combustion phase are modeled using a Lagrangian Fokker-Planck equation, which can be written as
where C is a reaction progress variable, which is here defined from a linear combination of major product mass fractions, C = Y CO2 + Y CO + Y H2O + Y H2 . The chemical source term for the progress variable isẇ C . Heat-loss effects are incorporated in the LFP-model through the drift term (second term on the righthand-side) via the non-adiabatic mean temperature T ↓ . This model follows the volume-expansion approach of Tanaka et al., 20 and the value of T ↓ is determined from the solution of the time-dependent heat-equation, which is here written in cylindrical coordinates:
Θ(r = R) = 0 (Wall temperature).
From the time-dependent solution of Eq. (19), T ↓ can be computed as
and the thermal boundary layer thickness is
The chemical source term and heat-release rate are pre-evaluated from the homogeneous reactor calculations using a detailed chemical mechanism, and then tabulated in terms of Z, C, and T . The vector W denotes independent Wiener processes, and a quantity in angular brackets, φ , is a volume-averaged mean value, which, for a spatially homogeneous flow, is identical to the mean value φ.
The drift term in Eq. (18) is modeled using the IEM model, for which the drift matrix A is given by
where τ ↓ = δ 2 ↓ /α is the thermal diffusion time scale. By introducing the time scale ratios 21 C Z = τ t /τ Z and C C = τ C /τ Z , and τ t from Eq. (17), A can be written as
where C Z and C C are constants of order unity and are given in Sec. III. The diffusion matrix B enforces that the diffusion process is constrained to the accessible state-space, which can be represented as
where ψ ± denotes the minimum and maximum value of the state-space variable. In the following, Eq. (18) is solved for a large number of notional particles, representing individual ignition kernels. From this, mean field quantities for pressure and temperature are evaluated, and these results are compared with experimental data.
III. Specification of Model Configuration
The compression-ignition model, that was developed in the previous sections, is applied to the free-piston RCM at the University of Michigan. 22 The UM-RCM facility consists of a pressurized driver section having a length of 5.54 m and an inner diameter of 154 mm. The driven section, containing the test gas mixture, is separated from the driver section through a freely moving piston. The driven section is 2.54 m long and has an inner diameter of 101.2 mm. The end of the driven section is connected to the test section with an inner diameter of 50.8 mm and a length of 50.6 mm.
Since the present study is concerned with the adiabatic core region, the geometry of the UM-RCM facility can be simplified and represented by a cylinder of constant diameter. The dimensions are corrected to reproduce the geometric compression ratio of the facility. The length of the driven section, including the test section, is l * 1 = 2970 mm, the length of the test section is 77 mm, resulting in a compression ratio of ξ = 38.6. The diameter of all sections is kept constant and equal to that of the UM-RCM with 101.2 mm. The mass of the piston is m * = 2.575 kg, the pressure in the driver section is p * 2 = 2.0735 bar , and friction is neglected. The initial pressure in the driven section is p * 1 = 0.09692 bar and the ratio of specific heats is γ = 1.3. Note that the cross-section area and the mass of the piston only affect the reference time scale τ * , which is evaluated to be τ * = 69.36 ms. The test gas in the driven section consists of a fuel-lean syngas/air mixture, and different syngas mixtures with the composition:
are considered. In this equation, a, b, and c are the stoichiometric coefficients, and φ is the equivalence ratio, which can be expressed in terms of the mixture fraction through the relation
where Z st is the stoichiometric mixture fraction. The chemical mechanisms by Li et al. 23 is used to describe the syngas combustion, and all model constants used in the LFP model are summarized in Tab. 1. 
IV. Results

A. RCM Compression Phase
The motion of the piston is obtained from Eq. (3), which is solved with the parameters specified in the previous section. Results for the piston location, piston velocity, and mean strain rate as function of time are illustrated in Fig. 2 . Note that the time and all other quantities are non-dimensionalized, and t = 0 corresponds to the end of the compression phase. From this figure, it is seen that the piston exhibits an approximately linear acceleration up to t = −0.35, after which the piston decelerates due to the compression of the test gas mixture in the driven section. The mean strain rate, shown in Fig. 2(c) , remains small up to t = −0.35. However, beyond this point α rapidly increases in magnitude until it reaches a value of −39.5 at the end of the compression phase.
B. Effect of Compression Ratio on Turbulence Evolution
The evolution of the turbulence and mixture fraction variance during the compression phase is shown in Fig. 3 . These results are obtained by integrating the RDT-equations (13) using the compression ratio ξ = x −1 P from the solution of Eq. (3). For this analysis the compression ratio is extended up to ξ = 100, and the gray area illustrates the typical range of RCM compression ratios. The top panel in Fig. 3 shows the evolution of the normal stresses and the turbulence kinetic energy k = 1 2 u ′2 i . Note that the turbulence level in the driven section is only a function of the initial condition T u and the current compression ratio, but -unlike the mixture fluctuations -is not affected by the temporal evolution of the compression phase. Following an initial transition, all normal stress components are linearly dependent on the compression ratio, with the u ′2 1 -component growing fastest and exceeding the other components by a factor of two. The results from this RDT analysis are particularly interesting, since they reveal the sensitivity of the turbulence level at the end of the RCM-compression phase on the initial conditions. In fact, Fig. 3 shows that for RCM-facilities, with compression ratios as high as 40, the initial turbulence is amplified by as a much as a factor of 50. This amplification is significant, and emphasizes the fact that care must be taken during the initialization and setup of RCM-experiments. The dependence of the mixture fraction variance on the compression ratio is shown in the bottom panel of Fig. 3 . For these results the initial mixture fraction fluctuation and turbulence intensity are kept equal. (3), showing the temporal evolution of (a) the piston location x P , (b) the piston velocityẋ P , and (c) the mean strain rate α =ẋ P /x P .
Results for different values of mean mixture stratification are presented in Fig. 3(b) . Since ψ ′2 has a quadratic dependence on β s , fluctuations of the mixture fraction are amplified due to the mean mixture stratification. This could become of importance when an internal mixture preparation is facilitated. In this context it is also noted, that the growth of ψ ′2 exhibits a dependence on the temporal evolution of the compression phase, which enters through the memory effect in the J-term in Eq. (13c): From the definition of J it can be seen that for a given β s the mixture fluctuations can be reduced if shorter compression durations are used.
The amplification of temperature fluctuations as function of compression ratio is shown in the bottom graph of Fig. 3 . From Eq. (13d) it can be seen T ′2 /T 2 T follows the isentropic compression ratio, and amplifications by as much as factor of 5 to 10 can be observed for typical RCM-operating conditions.
C. Effect of Initial Turbulence Level on the Ignition Dynamics
In the following, we will study effects of initial turbulence and scalar fluctuations on the syngas combustion and ignition dynamics. The focus of this study is to assess effects of fluctuations of turbulence and mixture fraction. To this end, LFP-calculations are performed for different values of T u and T Z , and 20000 particles (or ignition kernels) are used to obtain statistical quantities. The following mixture composition is considered:
.7/4.5/12.2/18.7/57.9 (by volume) and φ = 0.3. The temperature and pressure at the end of the compression phase are T * 1 = 944 K and p * 1 = 11.2 bar, respectively. In the following, we will only consider adiabatic ignition problems, and effects of wall-heat losses on the ignition delay are addressed in Sec. D.
For the present case, the mean mixture stratification is set to zero, and T Z is kept equal to T u . Note that T u enters Eq. (18) through the time-scale τ 0 , which is dependent on k and T u (see Eq. (17)). The composition of the particles is initialized from a beta-distribution: in which the coefficients α, β, and γ are expressed in terms of Z and T 2 Z :
The progress variable for each particle is determined from the mixture composition for Z and the condition at the end of the compression phase. Results for the temporal evolution of mean pressure and temperature are illustrated in Fig. 4 . It can be seen that the LFP model agrees with the homogeneous reactor results (open symbols) for extremely small values of initial turbulence and scalar fluctuations, but deviates with increasing values of T u and T Z . Higher turbulence levels lead to a reduction in the ignition delay. For this particular mixture composition the reduction in ignition delay can reach an order of magnitude for T u = 10 −3 . In this context it is noted that this value of T u corresponds to a very modest root-mean-square (rms) velocity fluctuation of 4.3 cm/s, which is still two orders of magnitude smaller compared to equivalent flow regimes in internal combustion engines.
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From these results it is also evident that the turbulence not only affects the onset of the ignition but also the progress of reaction. Compared to the homogeneous reactor results, the slope of pressure and temperature decrease considerably. This behavior is also observed in the experiments. To substantiate this, an experimentally measured pressure trace 5, 25 for the same operating conditions is shown in Fig. 4 . The modeling results show a qualitatively similar trend for the ignition behavior. Physically, this can be explained by the nonuniform behavior of individual ignition kernels, in which only a portion of the particles ignite, while the ignition process is delayed for other particles.
To complete this ignition analysis, we will assess the role of inhomogeneities in the species composition on the ignition behavior. To this end, T Z is set to zero, so that all particles are initialized with the same mixture fraction. To account for inhomogeneities in the species composition, small perturbations in C are added to the progress variable. These fluctuations are sampled from a homogeneous distribution, and its rms-value is denoted by T C . . From this figure the following observations can be made. First, it is seen that the onset of ignition is solely controlled by the progress variable fluctuations, and turbulence plays only a secondary role in determining the ignition point. This observation is noteworthy as it is of direct relevance for practical applications. For instance, RCMs employing external mixture preparation establish very homogeneous compositions and negligible variations in equivalence ratio. However, wall heat transfer, mixture impurities, or surface-catalytic effects, as pointed out by Dryer & Chaos, 8 can induce small variations in temperature and species composition. Such effects can lead to exiguous perturbations in temperature and species composition, which are here represented by progress variable fluctuations. The second observation relates to the slope of the pressure rise. From this parametric study it is evident that with increasing turbulence intensity the reaction progress is delayed. In fact, it appears that for the cases with T u = 1 × 10 −3 combustion proceeds as a two-stage process which is reflected by a reduced pressure rise after about 60 % of the maximum pressure is reached. The reason for this is the enhanced turbulent mixing leading to increased heat transfer and radical diffusion away from the ignition kernels. This, in turn, leads to extinction and reignition, which is reflected by a retarded pressure and temperature rise.
D. Wall Heat Loss Effects
Non-adiabatic effects on the ignition and combustion process are discussed in this section. To this end, LFP-simulations are performed in which wall heat losses are considered by setting the wall temperature T W to 850 K. This value corresponds to 90% of the mixture temperature at the end of the compression phase. Simulation results for three different configurations are shown in Fig. 6 . For all cases, the initial turbulence level is kept constant and identical to T u = 10 −2 , the initial stratification and fluctuations in mixture fraction and progress variable are set to zero, and three different levels of temperature fluctuations are considered. The mixture composition is identical to that considered in the previous section: H 2 /CO/CO 2 /O 2 /N 2 = 6.7/4.5/12.2/18.7/57.9 (by volume) and φ = 0.3. Results for the temperature evolution are shown in the top graph of Fig. 6 . Non-adiabatic results are shown by the solid lines, and the dashed lines correspond to adiabatic simulations. This comparison shows that wall heat losses have only little effect on the ignition delay. This is partially attributed to the short ignition delay and the high temperature and pressure conditions. Only after the ignition, effects of wall heat losses are evident, leading to significant reduction in the temperature of the product mixture. It can also be seen that with increasing turbulence levels, the peak temperature is reduced, which is due to the competition between heat-generation and heat-losses to the wall.
The temporal evolution of the thermal boundary layer is illustrated in the bottom. It can be seen that the initial growth rate is well-approximated by δ * ↓ = √ α * t * ; however, after ignition is achieved, a nearly linear growth-rate is observed, which can be attributed to the temperature-dependent increase in the thermal diffusivity.
E. Syngas Ignition and Combustion
The RCM ignition analysis is extended to a different syngas mixture and effects of initial turbulence and equivalence ratio fluctuations on the ignition delay over a temperature range of 600 K ≤ T * 1 ≤ 1300 K are investigated. For this investigation the syngas/air mixture composition is: H 2 /CO/CO 2 /O 2 /N 2 = 7.33/9.71/1.98/17.01/63.97 and φ = 0.5, and the pressure at the end of the compression phase is p * 1 = 20 atm. The mechanism by Li et al. 23 is used to describe the reaction chemistry. Modeling results and comparisons with experimental data for ignition delay times are illustrated in Fig. 7 . Results from the RCM model (lines) shows that effects of turbulence are mainly evident at low temperatures. However, with increasing levels of turbulence and mixture fluctuations, ignition delay times at higher temperatures become increasingly affected. This can be explained through a Damköhler number analysis, comparing the characteristic turbulence time scale with the ignition delay time:
Large values of Da ig identify ignition-dominated processes which are unaffected by turbulent mixing. The Damköhler number is evaluated from the simulation results, and is illustrated in Fig. 8 . Isocontours for three values of Da ig are shown. It can be seen that all ignition delay curves which are computed for different turbulence levels converge for Da ig ≥ 100, and asymptote to the homogeneous reactor results. This analysis suggests that Eq. (30) can be utilized as criterion to assess the significance of turbulent mixing and small-scale mixture fluctuations on the ignition process. The RCM model accurately captures the experimentally observed trend that the ignition delay time asymptotes to constant value around 100 ms for low mixture temperatures (see Fig. 7 ). Although the data for T * 1 < 800 K are obtained from flow reactor experiments, the RCM model predicts a similar behavior. This suggests that turbulence effects could also be of relevance in flow reactors, and further research is required to confirm this hypothesis. The best overall agreement between model results and experiments is obtained for T u = T Z = 5 × 10 −4 (red lines). For reference these values correspond to a rms-velocity of 2.1 cm/s and mixture fraction fluctuation of Z ′ = Z ′2 = 5 × 10 −4 . Such magnitudes are reasonable, and in fact belong to the lower turbulence regime for technical flows.
V. Conclusions
The role of turbulence on the syngas ignition in rapid compression machines over a wide range of operating conditions was studied. For this, a model was developed that describes the amplification of small-scale turbulence and mixture fluctuations during the RCM compression phase and the subsequent ignition process. In this model, it was assumed that these perturbations are generated during the filling process of the RCM with the fresh test gas mixture. Rapid distortion theory is used to characterize the turbulence amplification during the compression phase. The ignition process is described by a Lagrangian Fokker-Planck model, which considers the turbulent mixing between individual ignition kernels and fully accounts for detailed reaction chemistry of the lean syngas/air mixture. The model reduces to the well-known homogeneous reactor system in the absence of inhomogeneities in the initial flow field and mixture composition. With this model, important RCM-operating parameters could be identified, that are particularly relevant in controlling the ignition dynamics, namely initial levels of turbulence, scalar fluctuations, and temperature perturbations, mean mixture stratification, and the compression ratio.
Comparisons with experimental data showed that the model captures observed trends of retarded reaction progress and reduced ignition delay for increasing levels of initial turbulence and mixture fluctuations. Parametric studies were conducted for different initial turbulence and mixture conditions over a wide range of mixture temperatures. A Damköhler criterion was derived to assess the sensitivity of the induction chemistry to turbulence and mixture fluctuations in RCMs. Mixtures with Damköhler numbers below approximately 100 exhibit increasing sensitivities to turbulence fluctuations which is reflected by significant reduction in ignition delay times. Effects of reaction mechanisms on the computed ignition delay were found to be marginal and mostly confined to large Damköhler number conditions. The results show that the syngas ignition exhibits a pronounced sensitivity to the initial levels of turbulence and mixture fluctuations. Turbulence levels of less than 0.01 % of the mean flow (corresponding to rms velocity fluctuations of a few cm/s) are sufficient in reducing the ignition delay time by several orders of magnitude.
Results of this study show that the turbulence/chemistry interaction plays an equally important role in affecting the syngas induction chemistry, and requires consideration in addition to chemical-kinetics and hydrodynamic process previously identified as leading mechanisms for the observed discrepancy under lowtemperature operating conditions.
